Objective: Cigarette smoking is associated with a higher risk for suicide and attempted suicide, but psychopathological or biological explanations for this association have not been explored. Lower serotonin function and impulsive/aggressive traits are associated with suicidal acts, including completed suicide. The authors hypothesized that the relationship that may exist between cigarette smoking and suicidal behavior may be associated with lower serotonin function and the presence of impulsive/aggressive traits.
Epi demiologic studies have reported an association between cigarette smoking and suicide of a magnitude similar to that of the association between smoking and coronary heart disease (1) (2) (3) (4) (5) (6) (7) . Prospective studies have reported a similar association, including a dose-dependent relationship between smoking and increased risk for suicide (8) (9) (10) (11) . Relative rates of suicide in smokers are elevated when adjusted for potential confounding factors such as income, race, previous myocardial infarction, diabetes, and alcohol intake. An association between smoking and suicidal ideation has also been reported for psychiatric patients, among whom smokers had a 43% greater risk of experiencing mild to severe suicidal ideation, compared with nonsmokers (8) . To our knowledge, this association has no satisfactory explanation, other than the observation that patients with psychiatric disorders are more likely to smoke (12) . The lack of an explanation led one group of researchers to dismiss the association as an example of a chance finding generated in observational epidemiology (13) . However, important biologic and psychopathologic explanatory factors may have been overlooked.
Cigarette smoking is associated with major depression, schizophrenia, and alcoholism (14) (15) (16) (17) (18) (19) (for review see ref- erence 20) . Successful treatment of depression with fluoxetine, a selective serotonin reuptake inhibitor, improves depressive symptoms (14) and may improve the likelihood of smoking cessation (21) , perhaps by reducing the risk of developing a new episode of depression during abstinence (22) . These findings suggest a link between smoking, major depression, and serotonin function.
Acute administration of nicotine may result in release of serotonin as well as dopamine (23) , whereas chronic nicotine administration to rats has been shown to decrease the concentration and biosynthesis of serotonin (24, 25) . Consistent with these results, one postmortem human study comparing smokers and nonsmokers found that smokers had significantly lower concentrations of serotonin and the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the hippocampal formation, a lower concentration of 5-HIAA in the median raphe, and higher serotonin 1A (5-HT 1A ) receptor density (26) . Thus, smoking may eventually impair serotonin function.
Altered indices of brain serotonin function, including lower serotonin transporter binding in the ventral prefrontal cortex and lower serotonin and/or 5-HIAA levels in the brainstem, have been found in postmortem studies of suicide completers, compared with subjects who died of other causes (27) (28) (29) . Serotonin hypofunction, as indicated by a lower level of 5-HIAA in the CSF or a blunted prolactin response to serotonergic challenge with fenfluramine, has been reported in patients with major depression or schizophrenia and a history of serious suicide attempt, compared with psychiatric patients without a history of serious suicide attempt (30) (31) (32) . Lower levels of CSF 5-HIAA predicted future suicide or suicide attempts in patients with mood disorders or schizophrenia (33, 34) and may reflect a vulnerability or predisposition for suicidal behavior independent of a specific psychiatric disorder.
We hypothesized that among patients with major psychiatric disorder: 1) cigarette smokers would be more likely to have a history of attempted suicide, independent of psychiatric diagnosis; 2) smoking would be associated with aggressive/impulsive traits; 3) the amount of daily cigarette consumption would correlate with severity of suicidal behavior (number and severity [lethality] of suicide attempts); and 4) cigarette smoking would be associated with lower serotonin function in a subgroup of depressed subjects for whom data on serotonin function were available.
Method

Subjects
The study subjects were recruited as inpatients as part of a longitudinal study on the neurobiology of suicidal behavior conducted by the Conte Center for the Neuroscience of Mental Disorders at New York State Psychiatric Institute in New York City and previously at the Center for the Study of Suicidal Behavior at the University of Pittsburgh Medical Center in Pittsburgh. All subjects were age 18-80 years; had an IQ >80; had a current DSM-III-R axis I psychiatric disorder of major depressive episode, bipolar disorder (depressed), dysthymia, schizophrenia or other psychotic disorder, or adjustment disorder, with or without a comorbid axis II (personality disorder) diagnosis; were without current substance abuse or alcohol dependence; and were free of all medication and psychoactive substances for at least 2 weeks before entry into the study. All patients had a negative urine toxicology screen before biological testing. The required drug-free period was at least 3 weeks for tricyclic antidepressants, 4 weeks for oral antipsychotics, and 6 weeks for fluoxetine. Women who were pregnant were excluded, and phase of menstrual cycle was documented. All patients gave written informed consent for the protocol as approved by the Institutional Review Board.
Clinical Assessment
Subjects' DSM-III-R axis I diagnoses were based on the Structured Clinical Interview for DSM-III-R and were reviewed at a consensus conference involving two research psychiatrists (K.M.M., J.J.M.). Clinical symptoms at index hospitalization/evaluation were rated by using the Brief Psychiatric Rating Scale (BPRS) (35), the Hamilton Depression Rating Scale (36), the Beck Depression Inventory (37) , and the Beck Hopelessness Scale (38) . Lifetime history of aggression was assessed with the Brown-Goodwin life history of aggression interview (39, 40) .
Assessment of Suicide Attempts
A lifetime history of all suicide attempts, including number of attempts and the method and degree of medical damage for each attempt, was obtained. A lethality scale was used to measure the degree of medical damage caused by each suicide attempt (41) . The scale was scored from 0 to 8 (0=no medical damage, 8=death), with different anchor points for various suicide attempt methods. A suicide attempt was defined as a self-destructive act that was committed with some intent to end one's life and that caused sufficient injury to require medical evaluation. The degree of suicide intent was rated with the Suicide Intent Scale (42). The Scale for Suicide Ideation (43) was used to measure the severity of suicidal ideation during the week before the index hospitalization.
Assessment of Cigarette Smoking
Patients were asked if they ever smoked cigarettes and, if they were presently smoking cigarettes, how many cigarettes they smoked per day. Smoking status was scored as follows: nonsmoker (0 cigarettes/day), light smoker (1-20 cigarettes/day), moderate smoker (21-39 cigarettes/day), and heavy smoker (≥40 cigarettes/ day). Patients did not smoke cigarettes for at least 12 hours before biological testing (as biological testing was routinely performed at 8:00 a.m.). Lifetime duration of cigarette smoking was not documented, and former smokers were not identified as such.
Indices of Serotonin Function
Studies of serotonin function were conducted in a subgroup of depressed patients (N=162). Patients with schizophrenia were excluded from these analyses.
Fenfluramine challenge test. The method has been described in detail previously (44) . Patients fasted from midnight on the day of the test. An intravenous cannula was inserted into a forearm vein, and an infusion of 5% dextrose and N/5 saline was begun. The dextrose was administered to reduce the effects of fasting-induced hypoglycemia, including its potential effect on prolactin response. The patients were given about 1 hour to become accustomed to the intravenous infusion and the testing environment. During the procedure, they remained awake while seated or in a supine position. At about 8:45 a.m. and 9:00 a.m., blood was drawn for assay of plasma prolactin. At 9:00 a.m., 60 mg of d, l-fenfluramine was given orally, and blood was drawn hourly thereafter for 5 hours for measurement of plasma prolactin, as well as plasma levels of fenfluramine and norfenfluramine. Plasma prolactin and cortisol levels were determined by radioimmunometric assay, as previously described (44) . The sensitivity of the procedure was improved to 1 ng/ml by using a sequential 37°C incubation of reagents. Patients whose duplicate measurements had a coefficient of variation exceeding 5% were retested. The range for intraassay variation of individual patients' samples over the study was 1.08% to 2.86% (mean=1.96%). Plasma levels of fenfluramine and norfenfluramine were measured by a gas-liquid chromatographic method (44) . The minimum detectable concentrations of fenfluramine and norfenfluramine were 2.0 ng/ml and 5.0 ng/ml, respectively. The outcome measure was the net maximal change in prolactin level, defined as the difference between the baseline prolactin level (the mean of the two prefenfluramine levels) and the highest postfenfluramine level.
Lumbar puncture and CSF 5-HIAA measurement. The lumbar puncture was performed at about 8:00 a.m., after the patient had been restricted to bed rest overnight and had fasted since midnight. CSF was drawn from the interspace between the third and fourth lumbar vertebrae while the patient was in the left decubitus position. After the removal of 1 ml of CSF, a further 15 ml of CSF was removed and immediately transferred on ice water to be centrifuged at 4°C and aliquoted into 1-ml samples for storage at -70°C until assay. The CSF 5-HIAA was assayed by high-performance liquid chromatography with electrochemical detection modified from the method described by Scheinin et al. (45) . The within-run and between-run coefficients of variation of the assay method were less than 10%. The level of sensitivity of the assay for 5-HIAA was 0.5 pmol per injection. Assays were done by laboratory staff who were blind to the clinical data.
Statistical Analysis
We examined the association between lifetime history of suicide attempt and cigarette smoking (yes/no) using crude and adjusted odds ratios computed with logistic regression (95% confidence intervals). Multivariate initial statistical analyses tested a priori hypotheses. For example, analysis of variance (ANOVA) and logistic regression models controlled for the effects of severity of depression and comorbid alcohol abuse on the association between suicide attempt and smoking. Spearman rank correlations were used to examine the relationships between 1) degree of smoking and degree of medical damage resulting from the most medically damaging suicide attempt and 2) degree of smoking and both the level of 5-HIAA in CSF and the prolactin response to fenfluramine. With CSF 5-HIAA or net maximal change in prolactin levels as the dependent variable, the ANOVA and regression analyses controlled for the effects of potentially confounding demographic and clinical variables on smoking behavior. The potentially confounding variables included age, sex, race, DSM-III-R axis I diagnosis, severity of depression, and past alcohol and substance abuse.
Results
Patient Characteristics
The study group consisted of 347 patients with an axis I psychiatric disorder (177 male subjects and 170 female subjects), including 184 patients (53%) who had made at least one previous suicide attempt. Eighty-nine patients (26%) had a lumbar puncture and CSF 5-HIAA assay, and 143 patients (41%) underwent a fenfluramine challenge test. Fifty-six patients underwent both biological procedures. All 162 patients who underwent serotonin function testing had a depressive disorder (major depressive episode, bipolar disorder [depressed], or dysthymia). Ninetynine of the 162 patients (61%) had a lifetime history of suicide attempt. The demographic and clinical characteristics of the overall study group are summarized in Table 1 .
Smoking Patterns in Suicide Attempters Versus Nonattempters
Cigarette smoking was similarly prevalent in the groups with schizophrenia (N=70 of 122 patients, 57%) and depression (N=90 of 170 patients, 53%). Proportionally more patients with other diagnoses smoked (N=33 of 45 patients, 73%). (This category included patients with a past history of alcohol or substance abuse.) Smoking was more common among suicide attempters (N=125 of 181, 69%) than among patients who had not made a suicide attempt (N=68 of 156, 44%) (χ 2 =22.2, df=1, p=0.001) (Data on smoking were available for 337 patients.) The association between smoking and suicide attempt status ( Table 2 ) was significant after the analysis controlled for the effects of 1) demographic characteristics such as age, sex, and race; 2) DSM-III-R axis I psychopathology; and 3) clinical features such as severity of depression (Hamilton depression scale score), severity of psychiatric symptoms (BPRS score), past history of alcohol or substance abuse, and aggression scores (Table 3 ).
In the overall study group, the likelihood of being a suicide attempter was correlated with the amount of smoking (number of cigarettes smoked per day) (r s =0.24, N=337, p= 0.0001). A linear relationship was not found between the lethality of the most medically damaging lifetime suicide attempt and amount of smoking in the overall study group, but such a relationship was found for male patients (r=0.22, N=91, p=0.03).
Cigarette Smoking and Indices of Serotonin Function
Biological assessments (measurement of level of 5-HIAA in CSF and the fenfluramine challenge) were completed for a subgroup of depressed patients (N=162). This subgroup did not differ from the patients who did not have biological assays on demographic variables such as race, age, or marital status. However, Hamilton depression scores were predictably higher in the group who underwent the biological assessments (mean=27.4, SD=9.56, versus mean=23.8, SD=10.6) (t=3.29, df=333, p<0.001), as was the level of suicidal ideation (Scale for Suicide Ideation score: mean=16.9, SD=11.2, versus mean=8.3, SD= 11.6) (t=6.73, df=313, p<0.001).
CSF 5-HIAA and cigarette smoking in depressed subjects. CSF 5-HIAA level was negatively correlated with the amount of cigarette smoking (r s =-0.32, N=88, p<0.003) (Figure 1 and Table 4 ). Moreover, a regression analysis that controlled for key clinical variables confirmed a significant adjusted effect of amount of smoking on CSF 5-HIAA level (t=-2.89, residual df=78, p<0.005, N=86). This analysis showed that age also contributed weakly as a predictor of CSF 5-HIAA level (t=-1.68, residual df=78, p<0.10). The CSF 5-HIAA level did not predict suicide attempter status (CSF 5-HIAA level: mean=93.7, SD=34.4 for attempters; mean=94.4, SD=42.1 for nonattempters) (t=0.09, df=87, p<0.93). Aggression scores contributed significantly to the model (Table 4) .
Fenfluramine challenge test and cigarette smoking in depressed subjects. The maximum prolactin response to fenfluramine above baseline prolactin was used as the measure of outcome of the fenfluramine challenge test in the depressed subgroup. As with CSF 5-HIAA level, the maximum prolactin response to fenfluramine correlated inversely with the amount of cigarette smoking (r s =-0.30, N=143, p=0.0002) (Table 4, Figure 2 ). The association between the maximum prolactin response to fenfluramine and the amount of smoking remained statistically significant in a linear regression analysis that controlled for the effects of age, sex, severity of depression, aggression, past history of alcohol or substance abuse, and current BPRS scores (F=4.78, df=7, 128, p<0.001, adjusted t=-2.95, residual df=128, adjusted p=0.003). Smoking status (yes/no) was similarly associated with the maximum prolactin response to fenfluramine above baseline after the effects of these demographic and clinical variables were controlled. Supplementary analyses that used data for only those subjects with major depressive episode (excluding those with depressed symptoms but not major depressive episode) did not significantly alter the inverse correlations between number of cigarettes smoked per day and either CSF 5-HIAA level (r s =-0.31, N=55, p<0.02) or maximum prolactin response to fenfluramine above baseline prolactin (r s =-0.25, N=120, p<0.006).
Cigarette smoking and cortisol. We examined for possible stress effects and found no difference in baseline cortisol level (ng/ml) between nonsmokers and smokers in the group that underwent fenfluramine challenge (non- 
Discussion
This study extends previous findings (1) (2) (3) 8) by demonstrating that the seriousness of suicidal behavior is correlated with the amount of smoking, after the effects of axis I psychiatric diagnosis are controlled (14-17, 19, 20) . Our results also extend previous epidemiologic findings ( 14-17, 19, 20) by demonstrating that the association between cigarette smoking and the presence and severity of suicidal behavior is not confined to a specific psychiatric disorder.
To our knowledge, this study is the first to report a correlation between cigarette smoking and impaired serotonin function (as measured by CSF 5-HIAA level and prolactin response to fenfluramine) in depressed patients in vivo. Serotonergic hypofunction appears to be related to more lethal suicidal behavior in several major psychiatric disorders (30) (31) (32) 46) . Moreover, severity of suicidal behavior and lifetime aggression are related to level of serotonergic function (39, 40) . Our results suggest that lower serotonin function and smoking are also associated in depressed patients. Thus, lower serotonergic function may be related to cigarette smoking, suicidal behavior, and aggressive behaviors.
An association between impaired serotonergic function and smoking or between suicidal behavior and smoking does not imply causality. Nicotine may have both biological and behavioral effects in the brain that increase the probability of suicidal behavior in depressed patients. Alternatively, low serotonin function may predispose the patient with psychiatric disorder to both smoking and to suicidal acts. Finally, both mechanisms could combine to increase the risk for suicidal behavior. Low serotonin function could increase the probability of developing a smoking habit, and, after the onset of a depressive disorder, further depletion of serotonin by smoking may heighten the risk for suicidal acts.
Acute nicotine administration has been shown to promote serotonin release (47) , whereas chronic nicotine administration results in serotonin depletion in brain areas such as the hippocampal formation and reduces firing of serotonergic neurons arising in the midbrain raphe (48) . These effects may trigger depression and enhance the predisposition to suicidal behavior. A lower serotonin level brought about by acute tryptophan depletion in patients with a past history of depression can trigger depression and, depending on preexisting traits and temperament, can increase aggressive and impulsive behaviors (49) (50) (51) .
Lower serotonin function has previously been reported in primates and humans with higher levels of impulsive, novelty-seeking behavior (52) (53) (54) . It is possible that lower serotonin turnover in the brain may render the subject more susceptible to the serotonin-lowering effects of nicotine and thus may enhance suicidal behavior during depression by reducing the restraining influences exerted over unwanted suicidal thoughts mediated through central serotonin pathways (55) . Smokers in our study had higher aggression scores than nonsmokers, consistent with this biological hypothesis. There may be a common factor predisposing individuals to smoking and suicidal behavior that is manifested in a variety of psychiatric disorders. In this study, both lifetime aggression scores and current suicidal ideation scores were significantly higher in smokers, suggesting a common diathesis. Higher levels of lifetime aggression reported to be associated with both substance abuse and suicidal behavior may also reflect this common diathesis (56) . A predisposition to both major depression and cigarette smoking has been proposed on the basis of findings from twin studies suggesting that the relationship between lifetime smoking and depression resulted "solely from genes that predispose to both conditions" (57) . Rates of suicidal behavior were not reported in that study. Serotonergic function, aggression, and suicidal behavior also have genetic causal factors. Thus, further research is required to identify the disease-susceptibility genes associated with smoking, aggression, and suicidal behavior and to determine whether low serotonin function is a common predisposing factor with a genetic basis.
Our study had some limitations. We did not document the lifetime duration or age at onset of smoking or the history of ex-smokers. We did not study serotonin function and smoking in the diagnostic groups without depression. We did not find a relationship between either measure of serotonin function and history of suicide attempt in the subgroup we studied. That result was consistent with our previous reports, in which low serotonin function was detected only in patients who had made suicide attempts with a high level of lethality and was negatively correlated with lifetime severity of aggressive behaviors (30) (31) (32) .
In conclusion, our study suggests a biological explanation for a relationship between suicidal behavior and smoking. Enhancement of serotonergic function may reduce suicide risk and assist smoking cessation.
